The Bagnoli Bay (southern Tyrrhenian Sea, Naples, Italy) has been impacted for about one century by heavy anthropogenic pollution due to an important steel plant. A multidisciplinary environmental research, aimed at the reclamation of the marine contaminated area, was planned in order to evaluate, through quantitative data, the chemical-physical and ecological characteristics of marine sediments; the latter ones are strictly related to the composition and structure of benthic foraminiferal assemblages. A comprehensive statistical approach, considering all data, was attempted in order to single out the influence of pollutants on the single species distribution. The results show strong heavy metal pollution (Fe, Mn, Pb and Zn) in the vicinity of the industrial plant. Many foraminiferal species (Haynesina germanica, Miliolinella subrotunda, Quinqueloculina parvula), have a good tolerance to some trace metals while, Bulimina sublimbata, Elphidium macellum and Miliolinella dilatata show a good tolerance to PAHs pollution.
Introduction
The activity of an important steel plant, which lasted almost one century, had a heavy impact on the Bagnoli coastal marine environment (Gulf of Naples, Italy). Industrial production started in 1905 and ceased in 1990. Recently, the Ministry of the Environment proposed a law, which provides for the restoration of the coastal marine areas with heavy anthropogenic pollution. To this end, a complete environmental research has to be carried out. Bagnoli was the first site that was studied in the ambit of this law and its characterisation project may be considered as a model for successive studies on other polluted areas. In order to plan the reclamation, an interdisciplinary approach is necessary for evaluating quantitatively the chemical-physical and ecological characteristics of marine sediments. The latter one was determined by the study of benthic foraminiferal assemblages.
In fact, in the last few years, the utility of benthic foraminifers in pollution monitoring has been confirmed by many researches both in natural environments and laboratory cultures (YANKO et al., 1994; YANKO et al., 1998; ALVE & OLSGARD, 1999; STOUFF et al., 1999; COCCIONI, 2000; SAMIR, 2000; DEBENAY et al., 2001; SAMIR & EL-DIN, 2001 ). They found that heavy chemical pollution determines environmental stress that modifies the composition and structure of benthic assemblages and may be responsible for test abnormalities in some species that may be regarded as bio-markers.
The research on the Bagnoli area was conducted in distinct phases and is still in progress. The first phase concerned a preliminary evaluation of type, degree and extent of pollution, which was achieved by means of physical (grain-size), chemical (heavy metals, PAHs, PCBs, Organic Matter) and ecological (benthic foraminiferal assemblages) analyses (BERGAMIN et al., in press) .
Results show strong heavy metal pollution near the steel plant. Chemical pollution has a severe effect on the sea-bottom's ecological health; the increasing heavy metal concentration reduces the benthic productivity, which may result in the total absence of foraminifers. Moreover, a significant percentage of Miliolinella subrotunda specimens show an irregular test. The abundance of such specimens seems related to the Cu concentrations (BERGAMIN et al., in press ).
The second phase was aimed at checking and developing the results of the first phase. Then, some significant areas identified by preliminary results, were studied in more detail and, as regards foraminifers, new data about bio-indicators were researched. Grain-size, Heavy Metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn), Polychlorobiphenyls (PCBs), Polycyclic Aromatic Hydrocarbons (PAHs) and Organic Matter were determined; moreover, the ecological study on benthic foraminiferal assemblages was included in the project.
In this paper, the preliminary results on chemical-physical analyses (grain-size, heavy metals, PAHs, Organic Matter) and the ecological study (benthic foraminifers) are reported. Analytical data have been treated with statistical methods in order to evaluate how the distributional patterns of the single foraminiferal species are influenced by the chemical-physical characteristics of the bottom environment. This approach may be useful to single out those species that may be considered bio-markers as they are particularly tolerant or intolerant of single pollutants.
The study area
The Bagnoli industrial site is located in the eastern area of the Pozzuoli Gulf (Gulf of Naples, Tyrrhenian Sea, Italy), between Nisida Island and Bagnoli town, along the CoroglioBagnoli beach (Figs. 1 and 2). The gulf coastline has been strongly modified by construction works. Two long piers were built in 1920 in front of the steel plant in order to permit the access to large tonnage boats to increase industrial productivity. The artificial link between Nisida Island and the mainland was built in 1935, so modifying the local water circulation pattern and sediment distribution. In 1962-1964 part of the sea stretch enclosed between the two piers was filled in, utilising polluted ground taken from the industrial area, in order to permit widening and the development of industrial activity. Consequently, the natural coastline was altered and the new spaces so obtained were utilised for the construction of new industrial buildings and the storage of fossil coal. Finally, some littoral stretches (Coroglio beach and Bagnoli beach) were artificially enlarged with alloctonous sand for touristic purposes.
As regards the geological setting, the Pozzuoli Gulf belongs to the Campi Flegrei volcano-tectonic system. It is an area of recent collapse, which occurred about 12-10 kyr BP; it is characterised by four morpho-structural units: the coastal shelf, a central collapse area, the volcanic banks and the external shelf (DE PIPPO et al., 1984) . The presence of many subaerial and submersed hydrothermal sources, linked to volcanic activity, may condition the natural chemistry of coastal marine waters and change the parameters for the evaluation of -ZEI, 1993, modified) change the parameters for the evaluation of anthropogenic pollution.
Sediment distribution in the Pozzuoli Gulf is strictly correlated to climatic and tectonic events. On the littoral shelf, sediments range from coarse sands to sandy-silt. They partly represent relict deposits of ancient beach. The coarse fraction is constituted of bioclastic and pumice-stone elements. In the central basin, sediments consist of silt and silty-clay (DE PIPPO et al., 1988) . In the coastal area (0-30 m water depth) of the Pozzuoli Gulf, the sediment samples are normally composed of sand and only in the hydrodinamically-protected areas, like Nisida bay, the pelitic fraction increases (DE PIPPO et al., 1988) .
Water circulation in the Gulf of Naples is strictly related to the general circulation in the Tyrrhenian Sea (HAPGOOD, 1960; DÜING, 1965; CARRADA et al., 1980) . PENNETTA et al. (1998) recognise, during winter, a clockwise rotating circulation in the inner part of the gulf and a northward current offshore. Conversely, during summer, the inner circulation has an anticlockwise direction and the offshore current is towards the south. The contributions from inland determine a eutrophic coastal subsystem, that is conditioned by human activity. In particular, the Pozzuoli Gulf may be influenced by the contributions from the Volturno River and the Naples harbour.
Material and Methods
Surface sediment was collected by Van Veen grab at 20 stations located in the coastal shelf of the Pozzuoli Gulf, from the shoreline to 20 meters water-depth (Fig. 2) . The position of stations was determined by DGPS (Differential Global Positioning System) (Tab.1). The sampling design was planned in order to have a good detail of the area in the vicinity of the industrial plant and to improve the data of the previous sampling phase. Characteristics of sediments such as colour, smell, grain size, presence of shell fragments and of organic debris were described at the time of sampling. Samples for foraminiferal analyses were immediately stained with Rose Bengal for the sorting out of living specimens (WALTON, 1952; MURRAY & BOWSER, 2000) . Granulometric parameters, heavy metals (Cr, Cu, Fe, Hg, Mn, Ni, Pb, Zn) , Organic Matter and PAHs were determined for all the samples. Moreover, qualitative and quantitative analyses on benthic foraminiferal assemblages were performed. Samples for grain-size analysis were treated with a 30% H2O2 solution and separated by wet sieving. The >0.063 mm fraction was dried and fractionated by ASTM series sieves, while lower fraction was analysed by X-ray Sedigraph (ROMANO et al., 1998) . Later, they were classified according to Shepard (1954) . Heavy metal analyses were performed on aliquot of whole homogenised sample and analysed by AAS (Atomic Absorption Spectrometry) according to GIANI et al., (1994) . Organic matter was determined on previously dried sediments by loss on ignition at 450AE C in a muffle furnace (BYERS et al., 1987) .
The 15 Polycyclic Aromatic Hydrocarbons (PAHs) indicated from Environmental Protection Agency (EPA) as important toxicological contaminants were determined: fluorene, acenaphtene, phenanthrene, anthracene, fluoranthene, pyrene, benz(a) anthracene, naphthalene, chrysene, benzo(b) fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenz(ah)anthracene, benzo(ghi)perylene, indeno(1, 2, 3-cd)pyrene. PAHs analyses were performed by a preliminary extraction and a successive purification on silica gel treatment; the determination by HPLC with spectrofluorimetric detector was carried out .
Samples for foraminiferal analyses were washed through a 0,125 mm sieve and finally split into sub samples containing at least 300 specimens. Due to the scarce presence of living specimens, the quantitative analysis was performed only on the total assemblage. The faunal abundance was calculated through the Benthic Number (i.e. the number of tests found in 1 g of dry sediment) and the species diversity was calculated by means of the ·-index (FISHER et al., 1943) . The LOEBLICH & TAPPAN (1988) classification was used and most of the species were compared with those found by SGARRELLA & MONCHARMONT-ZEI (1993) in their important paper on benthic foraminifers from the Gulf of Naples.
A Principal Component Analysis was performed on the results of chemical physical and foraminiferal analyses to evaluate the comprehensive behaviour of single foraminiferal species and chemical-physical parameters. Moreover, a bivariate analysis was carried out to correlate relative abundance of the single species with any chemical-physical parameter, using the Pearson correlation. The statistical treatment was performed by means of the SPSS statistical software (10.1 version). In order to simplify the matrix, only species more abundant than 4% were considered for the statistical analyses.
Results

Chemical-physical analyses
Following Shepard (1954) , all the analysed samples are constituted of sand (Tab. 2). They contain a low pelitic (<0.063 mm) fraction, which is slightly higher in front of the steel plant (up to 21%). In this area, a considerable content in vitreous drosses and iron grains is recovered in the sea-bottom. In the northern sector, coarser sediment with relatively high gravel content is present.
The organic matter in the sediments shows higher percentages in the area located between the two piers (7 -10%) while, in the other samples, values are lower than 5% (Tab. 3). In the northern area, coarse sediments show the lowest content of organic matter (1-3%).
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Foraminiferal analyses
Relative abundance of species occurring more than 1% in at least one sample are reported in Appendix 1.
In the northern area, near to Bagnoli town (Fig. 2) , all relatively coarse sediments are barren like SF5 and SF7, or have extremely low foraminiferal abundance, like SF6 and SF8. In such samples the most abundant species is Elphidium crispum. Many living specimens of Haynesina germanica, Nonionella atlantica, Quinqueloculina stelligera, Lobatula lobatula, Planorbulina mediterranensis, Rosalina floridana and Tretomphalus concinnus were found. The last four species, which may live attached on vegetated or hard substrates, in these samples, were found living on gravel and coarse sand grains. Two samples (SF4, SF9), collected near the coast at about 4 m water depth, are characterised by relatively fine sediment and show very low foraminiferal abundance. Their assemblage is characterised by Elphidium advena and Quinqueloculina dimidiata.
Samples collected in the vicinity of the industrial plant (SF3, BE35, BE31) and near the Coroglio beach (BE2, SF1) are barren. Those taken in the nearby area, starting from 7.5 m water depth, show moderate (BE16, BE23, BE25, BE39, BES3, BSE6, BES9, BES15) or good (SF2) foraminiferal abundance. The most common species found in these samples are Elphidium advena, Quinqueloculina spp. (mainly Q. dimidiata and Q. stelligera), Triloculina plicata, Buccella granulata and Miliolinella subrotunda. The most common living specimens belong to Cornuspira involvens, Haynesina germanica, Nonionella atlantica and Quinqueloculina laevigata. Considerable percentages of E. advena have slightly irregular tests in samples BE23 and SF2, while many irregular specimens of M. subrotunda were found only in samples taken in front of the steel plant (BE9, BE25, BE39 and BES3).
Statistical analyses
The Principal Component Analysis shows that the largest number of variables have positive values for component 1, while they are well distributed both on the positive and the negative side of the component 2 axis (Fig. 4) 
Discussion
Benthic foraminifers have been studied with two main aims: the first one was to describe the ecological health of the seabottom and the second one was to try to single out bio-indicators of specific pollutants.
As regards the first aspect, foraminiferal abundance may be influenced by several natural and anthropogenic factors and, in the second case, may be indicative of environmental ecological health (ALVE, 1991; SAMIR, 2000) . Two barren samples are located in the northern sector of the study area (SF5, SF7); some barren samples are located near the plant (BE31, BE35, SF3); two barren samples are located to the south of the plant, along the Coroglio beach (BE2, SF1).
The statistical analysis (both PCA and bivariate analysis)provides evidence that foraminiferal abundance, represented by the Benthic Number, is positively linked to pelitic fraction (silt+clay). All the barren samples, except BE31, are characterised by low or very low pelitic content (0-4%). On the contrary, BE31 contains an abundant pelitic fraction (20%), but it records a general high trace metals contamination, with the highest Fe concentration (15.4%). Consequently, although in some cases the absence of foraminifers may be at least in part be attributed to natural factors like the type of substrate, metal pollution also seems to contribute to such phenomenon.
As regards the second goal of this research, PCA evidences two groups of species with distinct statistical behaviour (Fig. 4) . The largest group (Quinqueloculina dimidiata, Q. laevigata, Q stelligera, Miliolinella subrotunda, Haynesina germanica, Elphidium advena among the others) prefers to live in bottoms with relatively high pelitic fraction and organic matter content. Such type of sediment is favourable for the accumulation of some trace metals like Hg, Mn, Ni, Pb and Zn, owing to the absorptive properties of clay minerals. The concurrence of certain species and some metals may be due to their preference for the same type of sediments. Nevertheless, the positive correlation between many species and some trace metals, revealed by the bivariate analysis, let us suppose a certain tolerance of metal pollution. Haynesina germanica, Miliolinella subrotunda and Quinqueloculina parvula seem the most tolerant species because they are positively correlated with many metals (Hg, Mn, Ni, Pb and Zn). DEBENAY et al., (2001) consider Haynesina germanica a tolerant and pioneer species because it was found in the metal polluted sediments of the Port Joinville Harbour and shows a significant positive correlation with Pb in the bivariate analysis. A significant Pearson correlation was also found between Bulimina sublimbata, Elphidium macellum, Miliolinella dilatata and PAHs.
The group of species with high component 2 values in the PCA (Neoconorbina terquemi, Asterigerinata mamilla, Lobatula lobatula, Elphidium crispum, among others) is not influenced by the organic matter content, while it is strictly linked to coarse sediment. Among these species no one shows a significant correlation with any type of metal pollution.
Conclusions
The strongest heavy metal pollution, mainly due to Fe, Pb and Zn, is recorded in the sediments close to the plant, while it rapidly diminishes with increasing distance from it. Such pollutants seem to have strong environmental impact on the sea-bottom's ecological health because they might be, at least in part, responsible for the complete absence of foraminifers. In a previous study on the Bagnoli site, Bergamin et al. (in press) deduced that the absence of foraminifers near the plant, especially between the two piers, could be attributed mainly to iron and copper contamination.
Some trace metals, Hg, Mn, Ni, Pb and Zn, are positively linked to pelite rich sediments, like a large proportion of foraminiferal species. Their concurrence in the same bottomenvironment evidences that, at the recorded concentrations, many foraminiferal species have a good tolerance of these metals. Haynesina germanica, Miliolinella subrotunda and Quinqueloculina parvula are particularly tolerant of a trace metal polluted environment. On the contrary, no foraminiferal species demonstrated to tolerate copper and ironpolluted environment. In addition, a good tolerance of PAHs pollution may be supposed for Bulimina sublimbata, Elphidium macellum and Miliolinella dilatata. 
Appendix 1
Relative abundance of foraminifers, Alpha-index and Benthic Number. Species occurring more than 1% in at least one sample are reported. 
